Abstract Increasing evidence suggests a possible involvement of neuroinflammation in some psychiatric disorders, and also pharmacological reports indicate that antiinflammatory effects are associated with therapeutic actions of psychoactive drugs, such as anti-depressants and antipsychotics. The purpose of this study was to explore whether clozapine, a widely used antipsychotic drugs, displays anti-inflammatory and neuroprotective effects. Using primary cortical and mesencephalic neuron-glia cultures, we found that clozapine was protective against inflammation-related neurodegeneration induced by lipopolysaccharide (LPS). Pretreatment of cortical or mesencephalic neuron-glia cultures with clozapine (0.1 or 1 μM) for 24 h attenuated LPS-induced neurotoxicity. Clozapine also protected neurons against 1-methyl-4-phenylpyridinium
Introduction
Neuroinflammation regulated by microglia, the primary resident immune cells (Kreutzberg 1996) , is increasingly accepted as a double-edged sword in regulating brain functions , Under normal conditions, microglial cells are quiescent and serve important immunosurveillance function of protecting neurons. Upon subtle changes in their micro-environment, or as a consequence of pathological insults, these immune cells rapidly transform into an activated state (Kreutzberg 1996) . Uncontrolled activation of microglia exerts cytotoxic effects by releasing inflammatory mediators and causes bystander injury to neurons . Accumulating evidence indicates that neuroinflammation is closely associated with the pathogenesis of several neurodegenerative diseases like Alzheimer's and Parkinson' diseases (McGeer and McGeer 1998; Qian et al. 2010) . Recent studies further suggested that neuroinflammation may also associated with several psychiatric disorders, such as schizophrenia (SCZ) and depression (Minghetti 2005; Doorduin et al. 2009; Dobos et al. 2010) . Progressive enlargement of ventricles and loss of gray matter among different brain regions have been observed in some SCZ patients by magnetic resonance imaging (Zipursky et al. 1992; Nair et al. 1997; Hulshoff Pol et al. 2002; van Haren et al. 2007) or postmortem studies (Altshuler et al. 1990; Byne et al. 2002) . Although the mechanisms responsible for such degeneration are still largely unknown, inflammatory mechanisms and microglia dysfunction have gained more and more attention as an integrative theory of SCZ (Munn 2000) . Recent postmortem studies revealed an elevated number of HLA-DR-positive microglia in the brains of SCZ patients (Radewicz et al. 2000; WierzbaBobrowicz et al. 2005) . Moreover, in vivo positron emission tomography (PET) study using the [
11 C] PK11195 radioligand demonstrated activated microglia in grey matter of patients with recent-onset of SCZ (van Berckel et al. 2008) . These data supports the possibility that neuroinflammation plays a role in the pathogenesis of SCZ.
In recent years, some psychoactive drugs, such as antidepressants and antipsychotics, are found to be potent modulators of immune functions. Antidepressant drug bupropion interfered with lipopolysaccharide (LPS)-stimulated cytokine production in mice (Brustolim et al. 2006) . Treatment with fluoxetine normalized the increased serum IL-6 in patients with acute depression. In animal study, antidepressant also significantly attenuated LPSinduced anorexia and body weight loss (Yirmiya et al. 2001) . Similarly, tricyclic antidepressants were found to normalize the increased monocyte counts in depressed patients (Seidel et al. 1996) , and attenuated LPS-elicited depressive-like behavioral syndrome in rats (Yirmiya et al. 2001) . In a recent case report, a patient with arthritis and comorbid major depression was treated with antipsychotic drug quetiapine and achieved a significant decrease of systemic inflammation, which eventually led to a remission of pain and depression (Baune and Eyre 2010) . These evidence suggests that the therapeutic actions of some antipsychotic drugs may be associated with their antiinflammatory properties.
In the course of developing anti-inflammatory drugs for therapeutic intervention of neurodegenerative diseases, we found that clozapine displayed potent neuroprotective effect. Since clozapine has been reported to modulate the production of inflammatory cytokines such as IL-6 and IFN-γ in peripheral blood cells (Song et al. 2000; Paterson et al. 2006) , and the serum concentrations of clozapine correlate inversely with the reactive oxygen species (ROS) production by monocyte from clozapinetreated SCZ patients (Gross et al. 2003) , we postulated that these anti-inflammatory actions of clozapine maybe related to its neuroprotective action. In this study, we demonstrated that clozapine confers potent neuroprotection on dopaminergic neurons against inflammationelicited neurodegeneration in primary cell cultures. We further elucidated mechanisms by which clozapine elicits anti-inflammatory effect and reported that this antipsychotic modulates brain immune function through the attenuation of microglia activation by inhibiting PHOXgenerated ROS production and subsequent production of proinflammatory cytokines.
Materials and methods

Materials and reagents
Clozapine, MPP + , and Cytosine β-D-arabinofuranoside (Ara-C) were purchased from Sigma-Aldrich (St. Louis, MO). Lipopolysaccharide (LPS strain O111:B4) was purchased from Calbiochem (San Diego, CA). WST-1 was purchased from Dojindo Laboratories (Gaithersburg, MD). Cell culture ingredients were obtained from Invitrogen (Carlsbad, CA). 
Animals
Wild-type C57BL/6J (gp91 phox+/+ ) and NADPH oxidase (PHOX)-deficient (gp91 phox−/− ) mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Breeding of the mice was performed to obtain timed pregnancy with accuracy of 0.5 day. Timed-pregnant Fisher F344 rats were obtained from Charles River Laboratories (Raleigh, NC). Housing and breeding of animals were done in accordance with National Institutes of Health guidelines. All the animals were housed in a specific pathogen free facility in conditions of a constant temperature and relative humidity.
Mesencephalic and cortical neuron-glia cultures
Mesencephalic neuron-glia cultures were prepared from the ventral mesencephalic tissue of embryonic day 13-14 rats or day 12-13 mice. Cortical neuron-glia cultures were prepared from the cortical tissue of embryonic day 17-18 rats as described previously (Qin et al. 2002) . Tissues were isolated and dissociated with gentle mechanical trituration. Cells were diluted to 1×10 6 /ml and seeded in 24-well culture plates precoated with poly-D-lysine. Seven-day-old cultures were used for treatment.
Primary neuron-enriched cultures
Thirty-six hrs after seeding the cells, Ara-C was added to a final concentration of 6 μM to suppress glial proliferation. Two days later, cultures were changed back to maintenance medium and were used for treatment 7 days after initial seeding.
Primary microglia-enriched cultures
Primary microglia-enriched cultures were prepared from the whole brains of 1-day-old pups as described previously (Gao et al. 2003) . Briefly, brain tissues were triturated after removing the meninges and blood vessels. Cells were seeded at 5×10 7 in a 150 cm 3 cultures flask. After a confluent monolayer of glia cells had been obtained (12-14 days after initial seeding), microglia were shaken off, collected and seeded.
Neuron-microglia reconstituted cultures
Enriched microglia (1×10 5 /well) from 1-day-old rat were seeded to 6-day old neuron-enriched cultures. Reconstituted cultures were used for treatment the following day. Neurotoxicity was analyzed 7 days after treatment.
Microglial cell line
The rat microglia HAPI cell line was a gift from Dr. James R. Connor (Department of Neuroscience and Anatomy, M. S. Hershey Medical Center, Hershey, PA). Briefly, cells were maintained at 37°C in DMEM supplemented with 10% FBS, 50 U/ml penicillin, and 50 μg/ml streptomycin in a humidified incubator with 5% CO 2 and 95% air.
Uptake assay Uptake of [ 3 H] dopamine (DA) was performed as previously described (Gao et al. 2003) . Briefly, cultures were incubated for 20 min at 37°C with 1 μM [ 3 H] DA in KrebsRinger buffer (16 mM sodium phosphate, 119 mM NaCl, 4.7 mM KCl, 1.8 mM CaCl 2 , 1.2 mM MgSO 4 , 1.3 mM EDTA, and 5.6 mM glucose; pH 7.4). Nonspecific DA uptake was blocked with mazindole (10 μM). Cells were collected in 1 N NaOH after washing with ice-cold KrebsRinger buffer. Radioactivity was determined by liquid scintillation counting. Specific [ 3 H] DA uptake was calculated by subtracting the mazindole counts from the wells without the uptake inhibitor.
Immunostaining
Immunostaining was performed as described previously (Qin et al. 2002) . Neurons were stained with anti-NeuN (1:1000). DAergic neurons were stained with the antibody against TH (1:5000). Microglia were stained with the antibody raised against Iba-1 (1:1000). Images were recorded with an inverted microscope (Nikon, Tokyo, Japan) connected to a charge-coupled device camera (DAGE-MTI, Michigan City, IN) operated with the MetaMorph software (Molecular Devices, Sunnyvale, CA). Nine representative areas per well of a 24-well plate were counted under the microscope at 100× magnification.
Extracellular superoxide assay
The extracellular superoxide production was determined by measuring the superoxide dismutase (SOD)-inhibitable reduction of tetrazolium salt, WST-1 as described before (Qin et al. 2002) with modifications. Microglial cells were plated at 1×10 5 /well in 96-well plate for 12 h. The cells were washed twice and treated. Then 50 μl of WST-1 (1 mM) in HBSS, with or without SOD (600 units/ml), was added. The absorbance at 450 nm was read immediately with a Spectra Max Plus microtiter plate spectrophotometer (Molecular Devices, Sunnyvale, CA).
Assay of intracellular reactive oxygen species Intracellular oxidative stress was measured by DCFH Oxidation. DCFH-DA enters cells passively and is deacetylated by esterase to nonfluorescent DCFH. DCFH reacts with ROS to form dichlorodifluorescein, the fluorescent product. DCFH-DA was dissolved in methanol at 10 mM and was diluted 500-fold in HBSS to give DCFH-DA at 20 μM. The cells were exposed to DCFH-DA for 1 h and then treated for 2 h. The fluorescence was read immediately at wavelengths of 485 nm for excitation and 530 nm for emission using a SpectraMax Gemini XS fluorescence microplate reader (Molecular Devices, Sunnyvale, CA).
Confocal microscopy HAPI cells were seeded in dishes at 5×10 4 cells/well and treated with LPS for 10 min. Cells were fixed with 3.7% paraformaldehyde in PBS for 10 min. After washing with PBS, cells were incubated with rabbit polyclonal antibody to p47
phox . Cells were then washed and incubated with FITC-conjugated goat anti-rabbit antibody. Focal planes spaced at 0.4 μm intervals were imaged with a Zeiss 510 laser scanning confocal microscope (63X PlanApo 1.4 numerical aperture objective) equipped with LSM510 digital imaging software.
Cell extracts
Whole cell lysates from neuron-glia cultures were prepared with lysis buffer (Cell Signaling, Danvers, MA). Subcellular fractionation was performed as described previously . For subcellular fractions, HAPI cells were lysed in hypotonic lysis buffer (1 mM EGTA, 1 mM EDTA, 10 mM β-glycerophosphate, 10 mM NaF, 1 mM sodium orthovanadate, 2 mM MgCl 2 , 10 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 10 μg/ml each of leupeptin, aprotinin, and pepstatin A), incubated on ice for 30 min, and then subjected to Dounce homogenization (20-25 stokes, tight pestle A). The lysates were loaded onto a sucrose gradient in lysis buffer (final 0.5 M) and centrifuged at 1,600 g for 15 min. The supernatant above the sucrose gradient was used as the cytosolic fraction after centrifugation at 150,000g for 30 min. The pellets were solubilized in 1% Nonidet P-40 hypotonic lysis buffer and were used as the membranous fraction.
Western blot analysis
Equal amounts of protein were separated by 4-12% BisTris-polyacrylamide electrophoresis gel and transferred to polyvinylidene difluoride membranes (Novex, San Diego, CA). The membranes were blocked with 5% nonfat milk and incubated with primary antibody (rabbit anti-p47 phox antibody (1: 1000), rabbit anti-Iba1 antibody (1: 3000), rabbit anti-GAPDH (1:2000), mouse anti-gp91 (1:2000)) overnight at 4°C. The membrane was then incubated with horseradish peroxidase-linked anti-rabbit or mouse IgG (1:3000) for 1 h at 25°C. ECL Plus reagents (GE Healthcare, Little Chalfont, Buckinghamshire, UK) were used as a detection system.
PMS/MTS cell viability assay
The 3,(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) and phenazine methosulfate (PMS) was obtained from Promega (Madison, WI). MTS and PMS reagents were prepared according to manufacturer's instructions. Briefly, 20 μl of the MTS/PMS working solution were added to 100 μl of cell suspension in a flat-bottomed 96-well microtiter plate. The microplate was then incubated for 24 h at 37°C in the dark. The absorbance of formazan, the reduction product of MTS/ PMS, was measured at 450 nm with a Spectra Max Plus microtiter plate spectrophotometer (Molecular Devices, Sunnyvale, CA).
Flow cytometry HAPI microglial cells were seeded in 6-well plates (9.6 cm 2 ) at 5×10 5 cells/well. Cells were pretreated with clozapine (0.1 or 1 μM) for 24 h followed by stimulation with LPS for 24 h. Cells were dislodged in HBSS, pelleted (1,000 g for 5 min, 4°C) and resuspended in ice-cold blocking solution (HBSS containing 1% BSA) for 20 min. Cells were washed and stained for 0.5 h on ice with a 1:200 dilution of PE-conjugated anti-rat OX6 (BD Pharmingen, San Diego, CA, USA). Isotype-matched controls were run in parallel. Cells were then washed three times and fixed. Analysis was performed on a FACScan flow cytometer (BD Biosciences) using FACSDiva software.
Statistical analysis
The data were expressed as mean±SEM. Statistical significance between two groups was assessed with an analysis of variance followed by Student's t-test. Statistical significance between multiple groups was performed using an one-way analysis of variance (ANOVA). When ANOVA showed significant difference, (least significant difference) LSD multiple comparisons post-hoc test was performed. A value of P<0.05 was considered statistically significant.
Results
Clozapine ameliorates LPS-induced neurodegeneration
Neuroprotective effects of clozapine in inflammation-related neurodegeneration were investigated in primary neuron-glia cultures prepared from cortex or mesencephalon. LPS, an endotoxin from bacteria, was used as an immune insult to cause neurotoxicity. To examine the morphological changes of neurons in cortical cultures following LPS (25 ng/ml), we performed microtubule-associated protein 2 (MAP)-2 immunostaining (Fig. 1a) . In both cultures treated with vehicle or clozapine alone, strong MAP-2 immunoreactivity was detected both in soma and in neuronal processes, whereas in cultures treated with LPS the immunoreactivity in neuronal processes was interrupted. Clozapine pretreatment protected neurons from LPSinduced damage as shown by enhanced MAP-2 immunostaining and a dramatic increase in neurite outgrowth compare to LPS-treated cultures. The quantification of NeuN-positive cells (total neuronal counts) (Fig. 1c) confirmed the morphological observations. LPS reduced the number of NeuN-positive cells to about 60% of control. Clozapine at 0.1 μM and 1 μM concentrations effectively reduced LPS-induced neuronal loss. Neuronglia cultures treated with clozapine (0.01 μM to 1 μM) alone showed no effect on the number of NeuN-positive cells, while there was a decline of NeuN-positive cells with 10 μM clozapine (Fig. 1b) .
To further demonstrate the neuroprotective effect of clozapine, a well-established mesencephalic neuron-glia cultures which contain dopamine (DA) neurons were used. Since DA neurons are much more sensitive than other neurons to LPS challenge (Gao et al. 2002) , a lower concentration of LPS (2.5 ng/ml) was used in mesencephalic neuron-glia cultures. Morphological change of DA neurons subjected to LPS treatment without or with different concentration of clozapine (0.01 μM to 1 μM) was determined by immunostaining of tyrosine hydroxylase (TH), a marker for DA neurons (Fig. 1d) . LPS treatment caused a loss of TH-positive neuronal processes. With clozapine pretreatment, DA neurons were obviously less affected, displaying much longer and more elaborate THpositive processes compared with those from LPS-treated cultures. When the number of TH-positive neurons was counted (Fig. 1e) , clozapine at 0.1 μM and 1 μM concentration substantially reduced LPS-induced DA neuronal loss. DA homeostasis is maintained by the DA transporter (DAT), which functions to reuptake released DA from the synaptic cleft (Zhuang et al. 2001 ). Thus, a DA uptake assay, which measures the capacity of DAT to take up radiolabeled DA, was used to evaluate the function of DA neurons in mesencephalic cultures. In Fig. 1f , mesencephalic neuron-glia cultures were pretreated with clozapine or vehicle for 24 h and then stimulated with LPS for 6 days. The result showed that LPS reduced the uptake capacity of the cultures to approximately 60% of the vehicle control. LPS-induced reduction in DA uptake was ameliorated by pretreatment with 0.1 μM and 1 μM clozapine. The protective effect of clozapine was absent at concentrations below 0.01 μM (Fig. 1f) , and high concentration of clozapine (10 μM) showed neurotoxicity (Fig.1b) . Thus, the effective concentrations (0.1 μM and 1 μM) of clozapine were used for further analysis of neuroprotection and the associated mechanisms.
Clozapine-afforded neuroprotection is microglia-depended To investigate whether clozapine exerts its protective effect directly on neurons or indirectly through inhibiting inflammatory responses elicited by glial cells, we treated neuronglial cultures with MPP + , the active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). It has been previously reported (Gao et al. 2003 ) that microglia become activated in response to MPP + -induced direct DA neuronal damage and contribute to progressive neurotoxicity. Thus neuronal death induced by MPP + can be attributed to its direct cytotoxic effects as well as neuroinflammatory insults due to reactivation of microglia, so called reactive microgliosis. Clozapine (0.1 μM) significantly but not completely protected neurons from MPP + -mediated neurotoxicity (Fig. 2a) . This result is consistent with the view that clozapine protected MPP + -induced DA neuron toxicity by inhibiting reactive microgliosis, but failed in preventing the direct toxicity of MPP + on neurons. To further confirm this possibility, we compared the ability of clozapine to reduce MPP + -induced neurotoxicity in neuron-enriched culture (Fig. 2b) and neuron-microglia co-cultures (Fig. 2c) . DA uptake was reduced to about 60% of control in neuron-enriched cultures. Clozapine (0.1 μM) failed to show any protection in neuron-enriched cultures (Fig. 2b) . Adding microglia back into the neuronenriched cultures reinstated the protective effect of clozapine (Fig. 2c) , supporting a microglia-dependent mechanism for its neuroprotective effect.
Clozapine inhibits microglial activation LPS-induced microglial activation and the consequent production of pro-inflammatory factors have been linked to its neurotoxicity (Gao et al. 2002) . To discern the effect of clozapine on microglia, the morphological changes that accompany microglial activation were examined by immunostaining of Iba1, a specific microglial marker. Seven days after LPS exposure, numerous activated microglia, characterized by intensified Iba1 staining and enlarged cell size, were observed (Fig. 3a) . LPS-induced activation of microglia was less pronounced in the cultures pretreated with clozapine (0.1 μM and 1 μM), exhibiting reduced Iba1 expression and minimal morphological changes. Enumeration of microglia showed that LPS treatment significantly increased the number of activated microglia; while clozapine pretreatment significantly reduced the number of activated microglia compare to LPS-treated group (Fig. 3b) . Clozapine treatment alone had no effect on microglial activation. Western blot analysis of Iba1 was then performed to provide another quantitative estimation of microglial activation. Seven days after LPS treatment, Iba1 expression increased significantly. Clozapine pretreatment inhibited the LPS-induced increase of Iba1 expression (Fig. 3c) .
To further confirm the effect of clozapine on LPSinduced microglial activation, we used HAPI cells (microglial cell line from rats) to determine the effect of clozapine (0.1 μM and 1 μM) on the LPS-induced expression of major histocompatibility antigen class II (MHC-II, OX-6). MHC-II was chosen as a marker for microglial activation here because MHC-II-positive microglia have been suggested to be involved in progressive neurodegeneration (Yasuda et al. 2007 ). MHC-II (OX-6) was measured by flow cytometry analysis 24 h after the LPS (2.5 ng/ml) treatment (Fig. 3d, e) . The OX-6 expression on untreated HAPI cells is very low (2.5%); LPS treatment markedly increased the percentage of OX-6-positive cells (11.37%). Treatment with clozapine (0.1 μM and 1 μM) 24 h prior to LPS significantly decreased the percentage of OX-6-positive cells (7.3% and 5.5%, respectively) when compared with LPS-treated cultures.
PMS/MTS analysis revealed that clozapine at 0.1 μM and 1 μM did not change the viability of microglia (Fig. 3f) in enriched microglia cultures, suggesting that clozapine affects microglial activation via a functional inhibitory mechanism other than inducing microglial death.
Clozapine inhibits LPS-induced production of reactive oxygen species (ROS) and pro-inflammatory factors
To test the ability of clozapine to attenuate the production of microglial extracellular superoxide, microglia-enriched cultures were pretreated with clozapine (0.1 μM and 1 μM) for 24 h, and then exposed to LPS. Clozapine significantly reduced LPS-induced extracellular superoxide production to nearly control levels (Fig. 4a) . Intracellular ROS are critical for the microglial inflammatory response and are components of a signaling pathway regulating proinflammatory gene expression in multiple cell types, including microglia (Gorlach et al. 2002) . As shown in Fig. 4b , clozapine significantly reduced LPS-induced intracellular ROS production in microglia-enriched cultures. Clozapine alone has no effect on extracellular superoxide and intracellular ROS. Release of nitric oxide (NO) and TNF-α from neuron-glia cultures was also measured after LPS stimulation. As shown in Fig. 4c and d, pretreatment with 0.1 μM and 1 μM clozapine decreased the production of NO and TNF-α compared with cultures treated with LPS alone.
PHOX plays a critical role in clozapine-mediated protection against LPS-induced neurodegeneration
Phagocyte NADPH oxidase (PHOX), is the major enzyme for the production of extracellular superoxide in phagocytes (Babior 1999) . Considering the notable decrease of superoxide production by clozapine, mutant mice deficient in gp91 phox , the catalytic subunit of PHOX, were used to determine if microglial PHOX plays a role in clozapineafforded neuroprotection. Neuron-glia cultures from wild type (gp91 phox+/+ ) mice and mutant (gp91 phox−/− ) mice were treated with LPS with/without clozapine (0.1 μM and 1 μM) pretreatment. DA neurotoxicity was assessed by Fig. 2 (Fig. 5a) . In cultures prepared from gp91 phox+/+ mice, LPS markedly decreased DA uptake capacity by 40%, which was greatly attenuated by clozapine (0.1 μM and 1 μM) pretreatment. In contrast, although LPS also induced a significant albeit smaller reduction (20%) in , and Rac1) and subsequent interaction with the membrane-spanning catalytic subunit flavocytochrome b558, in order to commence activation of superoxide production (Babior 1999) . To determine whether clozapine modulates the translocation of cytosolic components of PHOX, levels of p47 phox in cytosolic and membrane fractions were measured following LPS and/or clozapine treatment in HAPI cells. Confocal microscopy analysis showed that LPS increased the translocation of p47 phox from the cytosol to the membrane (Fig. 5b-c) . The translocation of p47 phox was absent when cells were treated with clozapine for 24 h prior to LPS (Fig. 5b-d) . Likewise, western blot analyses showed a decrease in p47 phox levels in the cytosolic fraction, but an increase in membrane fraction, in HAPI cells 10 min after LPS exposure (Fig. 5c) . The translocation of p47 phox was much less prominent with clozapine treatment 24 h before LPS exposure, suggesting that clozapine may inhibit superoxide production in microglia through the inhibition of p47
phox translocation to the cell membrane.
Clozapine impairs activation of PHOX through inhibiting PI3K pathway
Previous studies suggested that the phosphatidylinositol 3-kinases (PI3K) is an important upstream signal protein in the process of activation of PHOX (Anderson et al. 2008; Zhang et al. 2011) . Our study in primary microglial cultures confirmed that PI3K is critical in LPS-induced PHOX activation. Pretreatment with wortmannin (50nM and 100 nM), a commonly used PI3K inhibitor, for 10 min significantly mitigated LPS-induced superoxide production (Fig. 6a) . Further studies were then conducted to evaluate the effect of clozapine on the activation of PI3K. PI3K is a heterodimeric complex composed of an 85 kD regulatory subunit and a 110 kD catalytic subunit. In the resting condition, subunits of PI3K were mainly located in the cytoplasm in an inactive form. Upon activation, p110 was translocated to the plasma membrane. Our western blot analysis showed that LPS treatment resulted in increased PI3K p110 in the membrane fraction. Pretreatment of clozapine (1 μM) significantly reduced LPS-induced PI3K activation in primary microglia cultures as shown by the decrease in the recruitment of p110γ to membrane and decreased phosphorylation of AKT, a key downstream kinase of PI3K (Fig. 6b) . These data indicates that clozapine reduced the activation of PHOX through inhibiting PI3K signaling pathway.
Discussion
In this study the neuroprotective effect of clozapine was demonstrated by the findings that clozapine greatly attenuated neurodegeneration induced by LPS or MPP + in a Fig. 3 (continued) microglia-depended manner. Mechanistic studies revealed that clozapine-afforded neuroprotection was related to its anti-inflammatory effect, which was mainly mediated through the inhibition of microglial PHOX. For decades, neurotransmitters disturbance has been considered to be an important feature to explain many symptoms of SCZ and a common target for the basis of pharmacological therapy of SCZ patients. For example, superior therapeutic effects of clozapine over typical antipsychotics have been attributed to its relatively lower affinity for DA D 2 receptor and higher affinity to 5HT 2A receptor (Kapur et al. 1999) . However, several inadequacies of the neurotransmitter theory explaining the pharmacological basis of antipsychotics became evident. For instance, antipsychotics block receptors of neurotransmitters instantly while antipsychotic effect is not evident until weeks after medication. Thus, additional mechanisms might partake in the therapeutic effect of antipsychotics.
The neuroprotective effect of clozapine has been postulated with the observation that clozapine can attenuate the loss of grey matter over time in SCZ patients (van Haren et al. 2007 ). In the present study, we used mesencephalic and cortical neuron-glia mixed cultures as an in vitro model to investigate the neuroprotective effect of clozapine on neurons and to elucidate the underlying mechanisms. We showed that clozapine treatment attenuated the LPS-induced neuronal damage in cortical cultures. Furthermore, the survival of DA neurons, the neurons most sensitive to LPS-induced inflammatory damage in mesencephalic culture system, was enhanced by clozapine pretreatment. The DA uptake capacity was also preserved; suggesting that these spared DA neurons has preserved transporter activity to properly regulate the uptake and inactivation of DA.
Clozapine has been documented to directly protect PC12 cells from death induced by a variety of stimuli (Bai et al. 2002; Qing et al. 2003) . The effective concentrations of clozapine used (25-50 μM) were, however, much higher than the concentration (10 μM), which showed neurotoxicity in our primary culture studies (Fig. 1b) . In addition, clozapine at effective concentration (0.1 μM) in neuron-glia cultures failed to show any protection in neuron-enriched cultures (Fig. 2) . Therefore, it is likely that clozapineelicited neuroprotection is mediated through an indirect mechanism. This study confirmed this possibility showing that clozapine-afforded neuroprotection is microgliadependent since it ameliorated MPP + -induced neurotoxicity only in the presence of microglia. This microglia-dependent neuroprotective mechanism of clozapine could be associated with its delayed onset of antipsychotic effect since microglia contributed to the neuronal damage in a delayed and progressive manner. The possible contribution of other glial cells such as astroglia in clozapineelicited neuroprotection was not evaluated in this study. In view of previously reported evidence that clozapine stimulate GDNF release from C6 glioma cells (Shao et al. 2006) , further work is warranted to determine roles of astroglia in clozapine-related neruoprotection.
Although microglia activation originally aims to protect CNS, the uncontrolled microglial hyperactivity may lead to neuronal damage by releasing inflammatory mediators, such as free radicals and pro-inflammatory factors . Microglia-dependent neuroinflammation has been increasingly accepted to be responsible for the progression of neurodegenerative diseases Zarifkar et al. 2010 ). Thus, microglia-suppressing agents have been considered promising therapy to slow the progress of neurodegenerative phox levels in membrane and cytoslic fractions of HAPI cells 10 min after treatment. Densitometry analysis was performed with values of p47 phox normalized to each respective loading control (GAPDH for cytosolic fraction, gp91 for membrane fraction) and further normalized to vehicle-treated controls. Experiments were performed at least three times. *, P<0.05 compared with vehicle-treated control culture cultures; # , P<0.05, versus LPS-treated cultures diseases (Zhang et al. 2006; Adams et al. 2007; . In the present study, we showed that the microglia-dependent neuroprotective effect of clozapine could also be explained by its ability to inhibit microglial activation and subsequent release of inflammatory mediators, including ROS ( Fig. 4a and b) , NO ( Fig. 4c) and TNF-α (Fig. 4d) . We further showed that the reduction of these proinflammatory factors by clozapine reflected functional inhibition of microglial activation, since the viability of microglia was not affected. Strong evidence indicates that oxygen free radicals play an important role in the pathophysiology of SCZ (Reddy and Yao 1996) , as indicated by altered antioxidant enzyme activities and increased level of lipid peroxidation (Mahadik et al. 1998; Herken et al. 2001; Zhang et al. 2003) . Superoxide is one of the prominent factors released by activated microglia ), which may serve as a major source for increased oxidative stress in SCZ patients. The potent inhibitory effect of clozapine on microglia-derived superoxide and intracellular ROS ( Fig. 4a and b) can be a critical mechanism related to its therapeutic effects. This is consistent with previous reports that clozapine reduces the ROS production (Gross et al. 2003) and lipid peroxidation (Kropp et al. 2005 ) from monocytes of SCZ patients. We further showed that PHOX is critical for the inhibitory action of clozapine on microglial activation. Genetic knockout of the catalytic subunit gp91
phox of PHOX completely abolished clozapine-afforded DA neuroprotection (Fig. 5a) . The critical involvement of PHOX in clozapine-mediated neuroprotection is further supported by our results demonstrating that translocation of p47
phox from cytosol to cell membrane in microglia after LPS treatment was attenuated by clozapine pretreatment (Fig. 5b and c) . Fig. 6 Clozapine impairs activation of PHOX through inhibiting PI3K pathway. a Microglia-enriched cultures seeded at 5×10 4 /well were pretreated with wortmannin (50nM, 100 nM) for 10 min before LPS (10 ng/ml) administration. Production of extracellular superoxide was measured as SODinhibitable reduction of WST-1. Results were expressed as a percentage of the control. *, P<0.05 compared with vehicletreated control, # , P<0.05, versus LPS-treated cultures. b Microglia-enriched cultures were pretreated with clozapine (1 μM) for 30 min before LPS (10 ng/ml) administration. After 10 min LPS administration, cells were collected for western blot for the determination of levels of membrane p110γ and cytosolic phosphorylated AKT. Densitometry analysis was performed with values normalized to each respective loading control (gp91 phox as a membrane marker, total AKT for its phosphorylated level) and further normalized to vehicle-treated controls. Experiments were performed at least three times. *, P<0.05 compared with vehicle-treated control; # ,
P<0.05, versus LPS-treated cultures
Previous studies indicate that PI3K plays an important role in regulating signal transduction leading to PHOX activation (Anderson et al. 2008) . Class I PI3K is necessary for the formation of phagosomes (Araki et al. 1996; Vieira et al. 2001) , and Class III PI3K contributes to phagosome maturation (Ellson et al. 2001; Tian et al. 2008) , which is the important process followed by PHOX activation in neutrophils. Importantly, PtdIns(3)P generated by PI3K can regulate PHOX assembly and activation through binding to the cytosolic subunit p40 phox (Ellson et al. 2001; Tian et al. 2008) . Our study demonstrated that inhibition on microglial PHOX activation by clozapine was most likely though impairing the PI3K signaling pathway. This is consistent with the study in glioblastoma cells showing that clozapine inhibited PI3K/Akt pathway . Interestingly, previous observations in PC12 cells (Lu and Dwyer 2005) and SH-SY5Y neuroblastoma cells (Kang et al. 2004) indicated that clozapine increases the phosphorylation of Akt and the cell survival. It is possible that clozapine exerts differential regulation on PI3K signaling in different cell types. The mechanism of clozapine's inhibition on PI3K pathway is still not clear. It has been suggested in glioblastoma cells that clozapine inhibits PI3K signaling and the downstream phosphorylation of Akt possibly through inhibiting Ca 2+ /CaM signaling ). Calcium signaling is also involved in microglia activation (Moller 2002) ; therefore, further studies are warranted to investigate the effect of clozapine on calcium signaling in microglia.
Taken together, this study illustrates alternative antiinflammatory function and neuroprotective mechanisms for therapeutic effects of clozapine. In addition to the traditional view of clozapine as a neurotransmitter modulator, it can also afford neuroprotection by inhibiting microglial over-activation and subsequent release of ROS and cytokines during inflammation. This study further supports the notion that anti-inflammatory effect maybe associated with the actions of psychoactive drugs, and also suggests a possible use of antipsychotic drug for treatment of neurodegenerative diseases.
